Since its first introduction[@b1], optical manipulation has boosted a rapid progress in science and engineering[@b2][@b3][@b4][@b5][@b6][@b7]. For example, the continued development of optical trapping has seen its unsubstitutive crucial role for research in the fields of soft condensed matter physics, biochemistry, clinical medicine, and is delivering new insights and discoveries[@b8][@b9][@b10][@b11][@b12][@b13][@b14]. Most of the intriguing results are achieved with conventional optical tweezers (COTs) based on standard microscopes by focusing free space light beams using high-numerical-aperture (high-NA) objective. Objects ranging in size from tens of nanometers such as proteins[@b15] and DNA molecules[@b16], to tens of micrometers such as colloidal particles[@b4], can be trapped and moved by a strongly focused light beam. Because of the targeted and noninvasive nature, COTs are extensively used in biochemical and biophysical researches. Although innovation in COTs is increasingly being made along with other micro/nanotechnology, the relatively bulky structure of the focusing objective and optical system make it lacking of flexibility in moving and focusing. In addition, it also has limitations in the application of thick samples because of the difficulty in penetrating thick samples by focus generated by the objective.

With the advantages of easy fabrication and high flexibility, fibre optical tweezers (FOTs)[@b17][@b18][@b19] are attracting increasing attention as a new powerful tool for mesoscopic object trapping and manipulation. Because of avoiding the use of high-NA objective, FOTs are becoming miniaturized, versatile, and handy tools for particle trapping and manipulation[@b20]. Moreover, single optical fibre can also be used to trap particles by photothermal effect[@b21] or to drive objects by scattering force[@b22][@b23]. However, above mentioned single fibre is used with only a single function, either trapping or driving of particles. Nevertheless, combining both function of trapping and driving in a single fibre is of great importance because it can trap biological samples and drive them to a designated position in a microfluidic system or a vessel. In addition, particle arrangement with high precision is also important for biological applications and biophotonic integration[@b24][@b25]. Using a single optical fibre, patterns of microparticles and cells can be realized[@b17]. However, FOTs are typically used to trap and manipulate particles with several microns in size. They are difficult to trap and manipulate sub-micron sized particles because of obvious Brownian motion of particles. COTs assisted methods, such as holographic optical tweezers (HOTs)[@b26][@b27][@b28][@b29][@b30] and surface plasmon-based optical tweezers (SPOTs)[@b13][@b14][@b31][@b32], have also been used in particle arrangement. Unfortunately, for HOTs, bulky optical system and appropriate algorithms for phase hologram calculation on a desired pattern are needed, while a carefully designed lithographic substrate is also needed for SPOTs, making it difficult for arranging particles with any desired configuration.

To realize the combination of trapping, driving, and arrangement ability, in this work, we report a tapered fibre probe (TFP)-based strategy for highly precise and flexible manipulation of mesoscopic objects, which successfully combines the ability of trapping, driving, and arrangement of particles. The trapped particles can be flexibly moved to any desired position with high precision and arranged into desired patterns. Using randomly distributed 3-µm-diameter silica particles as an example, the particles have been trapped and positioned in specific positions, driven to targeted regions, and arranged into desired patterns. The manipulation ability has also been extended to sub-micron particles and biological samples (bacteria and cells).

Results
=======

Theoretical simulations and calculations
----------------------------------------

[Figure 1a](#f1){ref-type="fig"} schematically shows a TFP immersed in water. *D*~A~ and *D*~T~ indicate the axial distance (in *x* direction) and transverse distance (in *y* direction) of a dispersed particle to the TFP tip and the axis, respectively. Once a light beam is launched into the TFP, particles irradiated by the light outputted from the TFP will be manipulated by the optical force exerted on them. The optical force consists of a gradient force (*F*~g~: directing to stronger light intensity region to trap particles) and a scattering force (*F*~s~: in the direction of light propagation to drive particles away from the stronger light intensity region). Resultant force of *F*~g~ and *F*~s~ dominates trapping or driving of the particles. For the particle beside the axis, it will be trapped to the axis by *F*~g~. For the particle along the axis and near the tip, *F*~g~ is much stronger than *F*~s~, therefore, it will be trapped to the TFP tip by *F*~g~. As the distance to the tip increases, *F*~g~ gradually becomes smaller than *F*~s~, as a result, particle will be driven away by *F*~s~. By using finite-difference time-domain (FDTD) simulations, the electric field amplitude (*E*~A~) distribution around the TFP was obtained and shown in [Fig. 1b](#f1){ref-type="fig"}. To get an obvious trapping and driving performance, and meanwhile, induce little harm on the particles or biological samples, the wavelength of launched light is set to be 980 nm (with an excitation power of 1 W/m). Silica particles with 3-µm diameter are used as an example in the simulation. The diameter of the TFP (immersed in water) is set to be 8 µm at the input port, then linearly decreased to 1.6 µm within 27-µm-length, and ended with a parabolic end. The refractive indices of the TFP and water are set to be 1.45 and 1.33, respectively. It can be seen from [Fig. 1b](#f1){ref-type="fig"} that the light outputted from the TFP is firstly focused at the tip and subsequently diverged out in water with a divergence angle of 32°. [Figure 1c](#f1){ref-type="fig"} shows the *E*~A~ out of the TFP along the TFP axis in *x* direction (*y* = 0). It can be seen that the focal plane (with the strongest light intensity) is away from the tip at *x* = 0.35 µm. [Figure 1d](#f1){ref-type="fig"} shows the *E*~A~ at the focal plane in *y* direction (*x* = 0.35 µm). It can be seen that the light intensity at the focus is much stronger than that outside the focus. The full width at half maximum (FWHM) is 1.2 µm. Because the light is strongly focused at the TFP tip, thus particles near the tip will be exerted with a large *F*~g~ and be trapped by the TFP. As distance *D*~A~ to the TFP increases, the light intensity gradually decreases, and thus *F*~s~ gradually becomes larger than *F*~g~, as a result, the particles will be driven away.

To numerically show trapping and driving performance, the optical force exerted on a particle was calculated by taking the integral of Maxwell stress tensor around the particle (see [Supplementary Information](#s1){ref-type="supplementary-material"} for details)[@b18][@b33]. [Figure 2a](#f2){ref-type="fig"} shows the calculated force *F~x~* exerted on the particle located at different *D*~A~ along the TFP axis (i.e. *D*~T~ = 0). It can be seen that near the TFP tip (*D*~A~ \< 13 µm), *F~x~* is negative, indicating a trapping force directing to the TFP. In this region, the dominant force is gradient force *F*~g~. All the particles in this region will be trapped. Therefore, the region is called trapping region (R~T~). In R~T~, *F~x~* is decreased from −319.9 to −996.8 pN/W with an increase of *D*~A~ from 2 to 4.5 µm, and then increased from −996.8 to −9.8 pN/W with an increase of *D*~A~ from 4.5 to 13 µm. The largest trapping force is occurred at *D*~A~ = 4.5 µm. It should be pointed out that particle at around the position *D*~A~ = 13 µm cannot be manipulated by the TFP. This is because *F~x~* is about 0 (*F*~g~ is balanced with *F*~s~ in this location). For particles located at *D*~A~ \> 13 µm, *F~x~* is positive, indicating a driving force directing to the light propagation direction. In this region, since the dominant force is scattering force *F*~s~, particles will be driven away. Therefore, the region is called driving region (R~D~). In R~D~, *F~x~* is firstly increased because of the increasing difference between *F*~s~ and *F*~g~. At *D*~A~ = 25 µm, *F~x~* reaches the maximum (133.6 pN/W). At *D*~A~ \> 25 µm, *F~x~* is gradually decreased with increasing *D*~A~, ascribing to the decrease of light intensity. Thus, particles far away from the tip also cannot be manipulated. The transverse force (*F~y~*) was also calculated. [Figure 2b](#f2){ref-type="fig"}, as an example, shows the calculated *F~y~* (blue-dotted curve) as a function of transverse distance (*D*~T~) for particles located at *D*~A~ = 4.5 µm. It can be seen that, *F~y~* exhibits a symmetrical distribution. This is because light distribution is symmetrical relative to the TFP axis. It can also be seen that, far away from the axis (\|*D*~T~\| \> 6 µm), *F~y~* is very small because of the weak light intensity and thus particles cannot be manipulated. Once particles gradually get close to the axis, \|*F~y~*\| is gradually increased until reaches the maximum of 523.6 pN/W at \|*D*~T~\| = 2.7 µm, then gradually decreased from 523.6 to 0 pN/W as \|*D*~T~\| is decreased from 2.7 to 0 µm. By integrating *F~y~* over distance, the trapping potential (*U*) was obtained as shown by red-dotted curve in [Fig. 2b](#f2){ref-type="fig"}. It can be seen that the calculated *U* reaches the minimum at *D*~T~ = 0 µm. This means that the particles near the TFP axis can be trapped to the axis. [Figures 2c-e](#f2){ref-type="fig"} show the simulated *E*~A~ distribution for particles along the TFP axis at *D*~A~ = 4.5, 13, and 25 µm, respectively. It can be seen that, for *D*~A~ = 4.5 µm, light intensity is stronger on the left side (illuminated side) than that on the right side (shaded side). This is because the particle is near the focus. Thus *F~x~* directs to the TFP ([Fig. 2c](#f2){ref-type="fig"}). For *D*~A~ = 13 µm, light intensities on both the left and right sides of the particle are almost equal and *F~x~* is only −9.8 pN/W ([Fig. 2d](#f2){ref-type="fig"}). For *D*~A~ = 25 µm, light intensity on the right side is larger than that on the left side because of the refocusing of light by the particle, thus *F~x~* directs to the direction of the light propagation. *E*~A~ distribution for the particle at *D*~A~ = 4.5 µm and *D*~T~ = 2.7 µm is shown in [Fig. 2f](#f2){ref-type="fig"}. It can be seen that light intensity is much stronger on the side near the TFP axis. Thus *F~y~* directs to the axis and the particle will be trapped to the axis. Since particles suspended in water can be efficiently trapped and/or driven away by a TFP, therefore, once the TFP is moved, the particles can be trapped, driven, and arranged with high precision and flexibility.

Trapping and driving of particles
---------------------------------

Based on the above analysis, an experimental setup was designed and built as shown in [Fig. 3a](#f3){ref-type="fig"}. To trap and drive particles, a laser of 980-nm wavelength was launched into the TFP ([Fig. 3b](#f3){ref-type="fig"}, see Methods for fabrication), which was fixed by a 3-demensional (3D) six-axis manipulator (see Methods for description). The tip of the TFP was immersed in the particle suspension (3-µm-diameter silica particle, see Methods for preparation). [Figure 4](#f4){ref-type="fig"} shows a sequence of optical microscope images for trapping and driving of particles by the TFP. [Figure 4a](#f4){ref-type="fig"} shows that without light launched into the TFP, particles were randomly suspended in water. Among them, particles A, B, and C were near the TFP tip. Inset of [Fig. 4a](#f4){ref-type="fig"} schematically shows *D*~A~ and *D*~T~ which indicate the location of the particle. With an optical power of 18 mW launched into the TFP, particle A (*D*~A~ = 5.7 µm, *D*~T~ = 0 µm) was kept static, while particle B (*D*~A~ = 13.8 µm, *D*~T~ = 4.2 µm) was firstly trapped to the TFP axis with a moving distance of 4.2 µm in *y* direction within 0.55 s by the gradient force *F*~g~ ([Fig. 4b](#f4){ref-type="fig"}), consistent with the simulations and calculations for transverse gradient force shown in [Fig. 2b](#f2){ref-type="fig"}. An average of *F*~g~ = 0.19 pN was calculated according to the Stokes\' drag formula: *F* = 6π*rηv*, where *r* = 1.5 µm is the particle radius, *η* = 8.9×10^−4^ Pa·s is the dynamic viscosity of water at room temperature, and *v* is the particle velocity (here 7.6 µm/s)[@b34]. Particle C was kept static in the whole process, it was likely the result of particle sticking to the glass slide. After particle B was trapped to the axis, the TFP was then gradually moved in −*y* direction. In this process, particle A and particle B (here *D*~A~ = 13.8 µm, *D*~T~ = 0 µm) were also moved by the transverse gradient force along with the move of the TFP in −*y* direction. At *t* = 1.31 s, both particles A and B were moved with a distance of 5.8 µm ([Fig. 4c](#f4){ref-type="fig"}). By further increasing the optical power from 18 to 40 mW, particle A was trapped to the tip by the dominant *F*~g~ (0.26 pN from calculation) at an average velocity of 10.2 µm/s, while particle B was driven 5.2 µm away within 0.41 s in *x* direction by the dominant *F*~s~ (0.32 pN from calculation) with an average velocity of 12.7 µm/s ([Fig. 4d](#f4){ref-type="fig"}). This is consistent with the simulations and calculations for particles in the trapping and driving regions shown in [Fig. 2a](#f2){ref-type="fig"}. Note that, because there was a little difference of TFP profile between the model in simulation and that in experiments. In simulation, the model of TFP is assumed with an axisymmetric profile and a parabolic end, but in experiment, it is hardly to fabricate a TFP with an ideal profile as that assumed in the simulation because of ambient interference during the fabrication process. Since optical field (and thus optical force) distribution strictly depends on the TFP profile, thus the actual optical force exerted on the particles and the range of trapping and driving regions differ a little from that obtained from simulation shown in [Fig. 2](#f2){ref-type="fig"}. As the TFP was continuously moved in −*y* direction, the trapped particle A was also moved along with the TFP. Interestingly, particle B was also moved in −*y* direction with the move of the TFP by the transverse gradient force, and at the same time, was driven away in +*x* direction by the axial scattering force. [Figure 4e](#f4){ref-type="fig"} shows that, at *t* = 3.79 s, particle A was moved 4.8 µm in −*y* direction, while particle B was moved 27.7 and 4.8 µm in *x* and −*y* directions, respectively. As shown in [Fig. 4f](#f4){ref-type="fig"}, with the move of the TFP, particle A was moved 18.1 and 17.2 µm in *x* and *y* directions, respectively. However, as the TFP was moved far away, light intensity (and thus optical force) irradiated on particle B was quickly decreased to zero as shown in [Figs. 1d](#f1){ref-type="fig"} and [2b](#f2){ref-type="fig"}, thus particle B was not trapped to the axis of the TFP. As a result, particle B was moving away in the original direction. At *t* = 8.79 s, particle B was driven away with distances of 52.5 and 13.2 µm in *x* and −*y* directions, respectively. Detailed trapping and driving process is shown in [Supplementary Video S1](#s1){ref-type="supplementary-material"}. Further experiments show that, multiple particles can also be manipulated (see [Supplementary Fig. S1](#s1){ref-type="supplementary-material"} and [Supplementary Video S2](#s1){ref-type="supplementary-material"}).

To show the trapping and driving ability of the TFP, experiments on manipulation distance (*D*~M~) for particles at different *D*~A~ were performed (keeping the particles along the axis of the TFP, i.e. *D*~T~ = 0 µm). When keeping the input power at 40 mW, experimental results show that, at *D*~A~ ≤ 6.56 µm (*F*~g~ dominant), particles were trapped by the TFP, while at *D*~A~ ≥ 7.03 µm (*F*~s~ dominant), particles were driven away ([Fig. 5a](#f5){ref-type="fig"}). At *D*~A~ = 6.56 µm (the largest *D*~A~ for particle trapping observed in the experiments, inset II), the particle can be trapped to the tip in 0.27 s with an average velocity of 18.7 µm/s (see [Supplementary Video S3](#s1){ref-type="supplementary-material"}). At *D*~A~ = 7.03 µm (the smallest *D*~A~ for driving observed in the experiments, inset III), the particle was firstly driven away with an average velocity of 9.1 µm/s in the first 2 seconds, and then gradually decrease to 0 by the decreasing *F*~s~ generated by the decreasing light intensity (see [Figs. 1c](#f1){ref-type="fig"} and [2a](#f2){ref-type="fig"}), and finally stopped after 24.5 s with a manipulation distance (*D*~M~) of 63 µm (see [Supplementary Video S4](#s1){ref-type="supplementary-material"}). The difference between the observed largest trapping *D*~A~ and the smallest driving *D*~A~ was only 470 nm. *D*~M~ quickly decreases when *D*~A~ \> 7.03 µm, far away from the TFP, *D*~M~ gradually tends to 0. The reason is that *F*~s~ decreases quickly in the weak light region, and finally tends to 0 (see [Fig. 2a](#f2){ref-type="fig"}). To show the dependence between the driving ability and input optical power (*P*), a series of experiments were performed for particles at *D*~A~ = 12 µm and *D*~T~ = 0 µm. Results show that *D*~M~ is almost linearly increased with *P* ([Fig. 5b](#f5){ref-type="fig"}) because of the increasing optical force induced by the increasing optical intensity.

Arrangement of particles
------------------------

By combining the trapping and driving performance, the TFP can be easily used for particle positioning and arrangement with high precision and flexibility with a launched light at 980-nm wavelength. Images from left to right ([Fig. 6a](#f6){ref-type="fig"}) show a process of arranging six particles to form a hexagon. Each particle was picked up and trapped by the TFP with a launched optical power of 25 mW and subsequently positioned at a desired position to form a vertex of the hexagon. [Supplementary Fig. S2](#s1){ref-type="supplementary-material"} and [Supplementary Video S5](#s1){ref-type="supplementary-material"} show the detailed process of pick-and-position of the sixth particle to form the sixth vertex of the hexagon. Images from left to right ([Fig. 6b](#f6){ref-type="fig"}) show the process of arranging six randomly suspended particles to form a triangle. Particles were sequentially driven by the TFP at an optical power of 35 mW to a desired position to form the sides of the triangle (see [Supplementary Video S6](#s1){ref-type="supplementary-material"} for details). By combining the trapping and driving ability, desired patterns can be arranged. Images from left to right ([Fig. 6c](#f6){ref-type="fig"}) show a line, a parallelogram, a pentagon (the upper two particles sticking together), a jointed threefold pattern, and a disjointed threefold pattern formed by four, four, six, four, and six particles, respectively. Images from left to right ([Fig. 6d](#f6){ref-type="fig"}) show the arranged letters "T", "D", and "A" for "Trapping", "Driving", and "Arrangement", respectively, and "S", "Y", and "U" for "Sun Yet-Sen University".

Besides the positioning and arrangement of particles, the versatile nature of the TFP can also be used for other applications. For example, randomly suspended particles can be delivered to a targeted region using the trapping and driving ability of the TFP (see [Supplementary Fig. S3](#s1){ref-type="supplementary-material"}).

Discussion
==========

The above experimental results show that the TFP can be flexibly used for trapping and driving of particles with different working distance. These results corroborate our theoretical analysis and numerical calculation. To investigate the effect of particle size on this method, calculations of optical force (*F~x~*) exerted on particles with different sizes (0.7/3/5-µm-diameter SiO*~2~* and 10-µm-diameter polystyrene (PS) particles) along the TFP axis were carried out as shown in [Fig. 7a](#f7){ref-type="fig"}. It can be seen that, the trapping (negative *F~x~* values indicated) and driving (positive *F~x~* values indicated) ability are applicable to particles with different diameters, from sub-micron to \~10 microns. It can also be seen that, for a larger particle, the trapping region is larger than that for a smaller one. Although it is difficult to extract quantitative values for trapping stability experimentally, from the numerical calculations, one can estimate the trapping efficiency (*Q*) which is defined by *Q* = *cF*/*n*~M~*P*, where *c* is the velocity of light in vacuum, *F* is the optical force (i.e. the calculated *F~x~*), *n*~M~ is the refractive index of surrounding medium (water), and *P* is the input optical power[@b20]. The calculated maximum trapping efficiencies are 0.181, 0.224, and 0.231 for the 0.7-, 3-, and 5-µm-diamter SiO~2~ particles, respectively, and 0.227 for the 10-µm-diameter PS particles. As an example of comparison, for the 10-µm-diameter PS particles, calculated *Q* = 0.227 for this method is higher than the *Q* = 0.12 ± 0.014 for COTs method reported by Wright *et al*.[@b35] and *Q* = 0.195 for FOTs method reported by Liberale *et al*[@b20].

To test the trapping and driving ability of the TFP for particles with different sizes and materials, experiments were further performed using 0.7-µm-diameter SiO~2~ particles, yeast cells (average diameter: 4 µm), and *Escherichia coli* (*E. coli*) bacteria (rod-shaped, about 0.7 × 2 µm) as shown in [Fig. 7b--d](#f7){ref-type="fig"}. These three kinds of particles can be trapped by the TFP when they were near the TFP (see [Fig. 7bI--dI](#f7){ref-type="fig"} for trapping), and be driven away when they were with a larger distance away from the TFP (see [Fig. 7bII--dII](#f7){ref-type="fig"} for driving). Experimental results show that the trapping and driving ability of the TFP is not only applicable for microparticles but also applicable for sub-micron sized particles and biological samples. Note that, Brownian motion is much more obvious for sub-micron sized particles than that for micron sized particles, therefore, a higher optical power is needed to exert a large optical force to suppress the Brownian motion. Compared to the reported results with FOTs (for trapping of particles with several microns in size)[@b17][@b18][@b19][@b20], the TFP has advantages in manipulating objects in size from sub-micron to several microns and even particle clusters, and with materials from dielectric particles to bacteria and cells. Moreover, multi-purpose of stable trapping, targeted driving, and precise arrangement of particles can also be achieved using the TFP. Detailed comparison between the TFP and FOTs methods is listed in [Supplementary Table S1](#s1){ref-type="supplementary-material"}.

Compared to the COTs methods, the presented TFP trapping is advantaged in multiple functions, suspension applicability, manipulation flexibility, precision, and trapping stability. (1) The TFP can be used for stable trapping, flexible moving, targeted driving, and precise arrangement of particles. COTs are generally used for stable trapping and moving of particles. To realize precise arrangement, additional holographic optical tweezers or surface plasmon-based optical tweezers are needed in COTs. (2) The TFP can be inserted into particle suspensions with different directions and depths. For COTs method, it is difficult to generate a focus with different directions and depths in thick suspensions[@b20]. (3) Trapped particles can be delivered to any designated positions using the TFP by manipulating the six-axis manipulator (see [Fig. 4](#f4){ref-type="fig"} and [Fig. S2](#s1){ref-type="supplementary-material"}). To manipulate trapped particles using the COTs, one should control the focus through beam steering and amplitude modulation elements incorporated in the optical path before the laser beam enters the high-NA objective[@b36]. Therefore, TFP is more flexible. (4) The resolution of the six-axis manipulator which used for fixing the TFP is 50 nm, thus the manipulation precision of the TFP method can be reached to 50 nm. While for the COTs, to move the trapped particles, one should control the focus through a bulky optical system with a series of lens for beam steering and amplitude modulation[@b36]. Therefore, COTs method is less precise for moving. (5) By comparing the calculated trapping efficiency (*Q*) which determines the trapping stability, the TFP trapping is more stable than that of the COTs trapping. Using 10-µm-diameter PS particles as an example, the calculated *Q* are 0.227 and 0.12 for the TFP and COTs trapping, respectively. It should be emphasized that the COTs trapping is a noncontact method with large particle universality and capable of trapping particles in size ranging from tens of nanometers to tens of micrometers with materials from dielectric to biological particles[@b4]. The TFP method is a contact trapping with particle sizes from sub-micron to several microns (even particle clusters) and materials from dielectric particles to biological samples (bacteria and cells), we have not performed stable trapping of particles with size less than 500 nm. Detailed comparison is also listed in [Supplementary Table S1](#s1){ref-type="supplementary-material"}.

Compared to the HOTs methods which are normally used for particle arrangement, the TFP based arrangement is advantaged in system simplicity, flexibility, and trapping stability in each trap. (1) To arrange particles, the key part is a fibre for the TFP method while for the HOTs method, a high-NA objective, relay lens, and a diffractive optical element (DOE, used to imprint a computer-generated hologram) are essential[@b26][@b28]. Therefore, the TFP system is much simpler. (2) By using TFP, particles can be trapped and delivered to designated positions (see [Supplementary Fig. S2](#s1){ref-type="supplementary-material"}), or directly driven to designated positions ([Fig. 6b](#f6){ref-type="fig"}). Therefore, any desired patterns can be arranged. While for HOTs arrangement, to form a specific pattern, a specific algorithm for phase hologram should be designed and prepared in advance. To achieve other patterns, corresponding algorithms should also be redesigned. Therefore, the TFP is more flexible in arranging different patterns. (3) In HOTs arrangement, a laser beam will be divided into multiple optical traps by the DOE, therefore, *Q* is about 0.05 for microparticles in each trap[@b28]. By using the TFP method, *Q* can be reached to 0.1\~0.3. Therefore, trapping stability of the TFP method is higher. It should also be emphasized that in the HOTs arrangement, all particles are patterned at the same time[@b26], thus retaining ability of the patterned particles is higher than that in the TFP arrangement in which patterns are completed by positioning particles one by one and the patterned particles might be influenced by the particle Brownian motion and environment fluctuation. Detailed comparison is listed in [Supplementary Table S2](#s1){ref-type="supplementary-material"}.

Compared to the SPOTs methods, the TFP arrangement is also advantaged in system simplicity and flexibility. (1) For the SPOTs arrangement, a carefully designed lithographic structured substrate and a high-NA objective are essential[@b14][@b15], thus the system is more complex than that in the TFP arrangement with a single fibre. (2) Since the patterns are decided by the carefully designed lithographic substrate in SPOTs arrangement, thus to arrange particles with different patterns, different substrate should be designed, while these patterns can be realized with a single fibre in TFP arrangement. Therefore, the TFP is more flexible to arrange different patterns. However, the SPOTs method is advantaged in both trapping stability and retaining ability. Benefiting from the localized Plasmon resonances of the nanostructured substrates, the peak *Q* are 14.0, 1.6, and 0.1 for 6 µm, 1 µm, and 200 nm particles, respectively in each trap[@b14]. This is much higher than the *Q* for HOTs method (\~0.05 for microparticles[@b28]) and TFP method (0.1\~0.3 for microparticles). Moreover, particles can be patterned at the same time using the SPOTs and the retaining ability is higher than that in the TFP arrangement. Detailed comparison is also listed in [Supplementary Table S2](#s1){ref-type="supplementary-material"}.

In conclusion, a strategy of realizing highly flexible trapping, driving, and precise arrangement of particles with a tapered fibre probe has been demonstrated and analyzed with numerical calculation. Using randomly distributed 3-µm-diameter silica particles as an example, we demonstrate that the strategy is able to stably trap the particles and/or drive them to targeted regions, subsequently position the particles to certain specific positions, and arrange into desired patterns. Using 0.7-µm-diameter silica particles, yeast cells and *E. coli* as examples, we further demonstrate that the trapping and driving ability using the TFP is also applicable for sub-micron sized particles and biological samples (cells and bacteria), etc. The wide applicability of this strategy provides a new way to manipulate mesoscopic objects precisely and flexibly, and could be used in future interdisciplinary fundamental and applied researches.

Methods
=======

Fabrication of TFP
------------------

The tapered fibre probe (TFP) was fabricated by drawing a commercial single-mode optical fibre (connector type: FC/PC, core diameter: 9 µm, cladding diameter: 125 µm, Corning Inc.) through a flame-heating technique. Before drawing, the polymer jacket of the fibre was stripped off with a fibre stripper to fabricate a bare fibre of 160-mm in length and 125-µm in diameter. The bare fibre was then sheathed by a glass capillary (inner diameter: \~0.9 mm, wall thickness: \~0.1 mm, length: \~120 mm). The bare fibre outside the capillary was used for drawing with a heating zone of about 2\~3 mm. The drawing speed was firstly kept at about 0.3 mm/s, and the bare fibre diameter was decreased from 125 µm to 10 µm with a length of about 2 mm. Then a high speed of 2 mm/s was applied until the fibre broke with a highly tapered end. To make sure the TFP straight immersed into the particle suspension, the location of the capillary was adjusted until the TFP outside the capillary was 1.5 mm. Then the capillary with the bare fibre through it was fixed on a six-axis manipulator (Kohzu Precision Co., Ltd., 50 nm in resolution) and the TFP was straightly immersed into the suspension.

Description of experimental setup
---------------------------------

The experimental setup is shown in [Fig. 3a](#f3){ref-type="fig"}. A personal computer interfaced microscope with a charge-coupled device (CCD) is used for real-time monitoring and image capture. The microscope (Union, Hisomet II) consists of a series of objectives. The specifications of objective, including magnification, numerical aperture (NA) and working distance (WD), are ×5 (NA = 0.10, WD = 19.0 mm), ×10 (NA = 0.20, WD = 16.4 mm), ×20 (NA = 0.40, WD = 11.2 mm), ×40 (NA = 0.50, WD = 10.0 mm), ×50 (NA = 0.75, WD = 1.5 mm), and ×100 (NA = 0.73, WD = 1.0 mm). 980-nm wavelength laser from the laser source is coupled into an optical splitter, the optical power is measured by the 10% end which is connected to an optical power meter, and light from the 90% end is launched into the TFP, which was immersed in a water suspension of silica particles. The fibre sheathed by a glass capillary can be flexibly manipulated by the six-axis manipulator in 3D, thus the TFP including trapped and/or driven particles can be manipulated in 3D. To get a better manipulation result, the suspension above a glass slide can be further positioned by an *x-y* manual translation stage (resolution: 50 nm). Combining the manipulation of the six-axis manipulator and translation stage, the trapped and/or driven particles can be flexible and precisely manipulated in 3D, and thus can be used for particle arrangement.

Preparation of particle suspension
----------------------------------

The suspension was prepared by diluting the particles with deionized water with additional ultrasonic treatment for 10 mins to get a monodisperse particle suspension. The concentration (weight ratio of particles to water) for the suspension is about 1 : 2,000. After preparation, the suspension was injected on a glass slide with a micro-syringe.
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![Model and simulated electric field amplitude (*E*~A~) distribution.\
(a) Schematic of particle manipulation by a TFP with light launched. (b) FDTD simulated *E*~A~. (c) Normalized *E*~A~ along the TFP axis (*x* ≥ 0, *y* = 0). (d) Normalized *E*~A~ at the focal plane (*x* = 0.35 µm).](srep00818-f1){#f1}

![Calculated optical force and simulated *E*~A~ distribution.\
(a) Axial force (*F~x~*) exerted on particles along the TFP axis, yellow and red regions indicate the trapping and driving regions, respectively. (b) Transverse force (*F~y~*) and trapping potential (*U*) for particles at *D*~A~ = 4.5 µm. (c) *E*~A~ for particle at *D*~A~ = 4.5 µm. (d) *E*~A~ for particle at *D*~A~ = 13 µm. (e) *E*~A~ for particle at *D*~A~ = 25 µm. (f) *E*~A~ for particle at *D*~A~ = 4.5 µm and *D*~T~ = 2.7 µm. Right panels show corresponding *E*~A~ distributions through particle along the TFP axis (for (c), (d), and (e)) and *x* = 4.5 µm (for (f)).](srep00818-f2){#f2}

![Experimental setup.\
(a) Schematic of experimental setup, a 980-nm laser is split into two parts with 10% connected to an optical power meter and 90% injected into the TFP which is immersed in a silica particle suspension. The fibre is sheathed by a glass capillary and manipulated by a six-axis manipulator. All the experimental data can be obtained by a personal computer (PC) interfaced microscope with a CCD camera. (b) Optical microscope image of the TFP. Diameter of the TFP is decreased from 10.6 to 1.6 µm within 45.6-µm axial distance.](srep00818-f3){#f3}

![A sequence of optical microscope images recorded for trapping and driving of particles by TFP.\
(a) *t* = 0 s, without light launched into the TFP, yellow dashed line indicates the original location of the TFP. Particles A, B, and C were randomly suspended. Inset schematically shows the location of a particle. (b) TFP launched with an optical power of 18 mW (980-nm wavelength) for *t* = 0.55 s, Particle B was trapped to the axis in *y* direction, blue circle I indicates the location of particle B in panel (a). (c) *t* = 1.31 s, particles A and B were moved in --*y* direction, yellow circle I and blue circle II indicate the respective locations of particles A and B in panel (b). (d) *t* = 1.72 s, power increased to 40 mW, particle A was trapped and particle B was driven away, yellow circle II and blue circle III indicate the locations of particles A and B in panel (c). (e) For *t* = 3.79 s, yellow circle III, blue dashed line, and white dashed line indicate the locations of particle A in panel (d), TFP in panel (d), and TFP in panel (e), respectively. (f) For *t* = 8.79 s, yellow circle IV indicates the location of particle A in panel (e). Particle C kept static in the whole process.](srep00818-f4){#f4}

![Trapping and driving ability.\
(a) Manipulation distance (*D*~M~) for particles as a function of *D*~A~ (*D*~T~ = 0 µm). Negative values indicate particles being trapped, while positive values for driven. Inset I is a detailed description of the light blue region. Insets II and III show the images for the trapping and driving performance with *D*~A~ = 6.56 and 7.03 µm, respectively. (b) *D*~M~ as a function of input optical power (*P*) for particles at *D*~A~ = 12 µm and *D*~T~ = 0 µm. Linear fit shows *D*~M~ increases with increasing *P*.](srep00818-f5){#f5}

![Images of particle positioning and arrangement.\
(a) From left to right is sequential arrangement of a hexagon with 6 particles. The yellow arrows indicate the TFP. (b) Sequential arrangement of a triangle with 6 particles. (c) Arrangement of a line, a parallelogram, a pentagon, a jointed threefold pattern, and a disjointed threefold pattern, respectively. (d) Arrangement of letters "T" for Trapping, "D" for Driving, "A" for Arrangement, and "S", "Y", and "U" for "Sun Yat-Sen University". Scale bars are 20 µm.](srep00818-f6){#f6}

![Trapping and driving ability for different particles.\
(a) Calculated optical force (*F~x~*) for 0.7/3/5-µm-diamter SiO~2~ and 10-µm-diameter polystyrene (PS) particles as a function of axial distance (*D*~A~) to the TFP. (b)--(d) Optical microscope images for trapping and driving of particles with different sizes and materials. (b) Trapping and driving of 0.7-µm-diameter SiO~2~ particles with an optical power of 30 mW. (bI) For trapping, at trapping time *t*~1~ = 0 s, the particle was 1.1 µm away from the TFP. At *t*~1~ = 1 s, the particle was trapped; (bII) For driving, at driving time *t*~2~ = 0 s, the particle was 3 µm away from the TFP. At *t*~2~ = 2 s, the particles was driven away with 3.8 µm. (c) Trapping and driving of yeast cells with an optical power of 25 mW. (cI) For trapping, at *t*~1~ = 0 s, the cell is 5.7 µm away from the TFP. At *t*~1~ = 1 s, the cell was trapped; (cII) For driving, at *t*~2~ = 0 s, the cell was 12.6 µm away from the TFP. At *t*~2~ = 2 s, the cell was driven away with 14.9 µm. (d) Trapping and driving of *E. coli* with an optical power of 25 mW. (dI) For trapping, at *t*~1~ = 0 s, the *E. coli* was 1.3 µm away from the TFP. At *t*~1~ = 1 s, the *E. coli* was trapped; (dII) For driving, at *t*~2~ = 0 s, the *E. coli* was 3.3 µm away from the TFP. At *t*~2~ = 2 s, the *E. coli* was driven away with 5.4 µm.](srep00818-f7){#f7}
